Adult neurogenesis is a newly considered form of plasticity that could contribute to brain dysfunction in psychiatric disease. Chronic alcoholism, a disease affecting over 8% of the adult population, produces cognitive impairments and decreased brain volumes, both of which are partially reversed during abstinence. Clinical data and animal models implicate the hippocampus, a region important in learning and memory. In a model of alcohol dependence (chronic binge exposure for 4 d), we show that adult neurogenesis is inhibited during dependence with a pronounced increase in new hippocampal neuron formation after weeks of abstinence. This increase is attributable to a temporally and regionally specific fourfold increase in cell proliferation at day 7 of abstinence, with a majority of those cells surviving and differentiating at percentages similar to controls, effects that doubled the formation of new neurons. Although increases in cell proliferation correlated with alcohol withdrawal severity, proliferation remained increased when diazepam (10 mg/kg) was used to reduce withdrawal severity. Indeed, those animals with little withdrawal activity still show a twofold burst in cell proliferation at day 7 of abstinence. Thus, alcohol dependence and recovery from dependence continues to alter hippocampal plasticity during abstinence. Because neurogenesis may contribute to hippocampal function and/or learning, memory, and mood, compensatory neurogenesis and the return of normal neurogenesis may also have an impact on hippocampal structure and function. For the first time, these data provide a neurobiological mechanism that may underlie the return of human cognitive function and brain volume associated with recovery from addiction.
Introduction
The discovery that neural stem-progenitor cells (NPCs) in the adult brain give rise to new neurons throughout life provides a novel way in which to consider neurodegeneration and recovery in psychiatric disorders (Armstrong and Barker, 2001) . Adult neurogenesis from NPCs is well accepted in at least two brain regions: (1) the subventricular zone (SVZ) of the anterior lateral ventricles (Lois and Alvarez-Buylla, 1993) and (2) the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) (Altman and Das, 1965; Palmer et al., 1997) . Adult neurogenesis is found in numerous species, including humans (Eriksson et al., 1998) , and thousands of granule cells are generated daily in the rat dentate gyrus (Cameron and McKay, 2001 ). The functional role of adult-born neurons remains unclear but includes contributions to hippocampal learning and memory processes (van Praag et al., 1999b; Shors et al., 2001; Drapeau et al., 2003; Deisseroth et al., 2004 ) and regulation of mood (Santarelli et al., 2003) . Examination of brain dysfunction in psychiatric disease further supports a functional role of newborn neurons, because deficits in hippocampal integrity and behaviors correlate with decreased adult neurogenesis (Cameron and Gould, 1994; Eisch et al., 2000; Nixon and Crews, 2002; Santarelli et al., 2003) .
Over 17 million Americans, or 8.5% of the population, meet the criteria for a diagnosis of alcohol dependence or alcohol abuse (Grant et al., 2004) . Chronic alcoholics show a consistent pattern of cognitive deficits with noted impairments in spatial learning and memory, short term and declarative memory, and impulsivity, all of which suggest hippocampal dysfunction (Brandt et al., 1983; Parsons, 1993; Sullivan et al., 2000b) . Observations of hippocampal neuropathology in human alcoholics (Bengochea and Gonzalo, 1990; Sullivan et al., 1995; Agartz et al., 1999; Laakso et al., 2000) are paralleled by descriptions of hippocampal cell loss and DG neurodegeneration in animal models (Walker et al., 1980; Collins et al., 1996; Obernier et al., 2002) . Furthermore, alcohol intoxication decreases neurogenesis by inhibiting both NPC proliferation (Nixon and Crews, 2002; Rice et al., 2004) and newborn cell survival (Nixon and Crews, 2002; Herrera et al., 2003) , effects that are consistent with cell loss in alcoholism. However, abstinence from alcohol in humans is associated with a reversal of neurodegeneration and return of cognitive ability, although the mechanism of this recovery is not clear (Carlen et al., 1978; Harper, 1998) . Indeed, improvements in learning and memory are associated with increased neurogenesis in rodent models (van Praag et al., 1999b) . Only the effects of alcohol intoxication on adult neurogenesis have been investigated, thus prompting studies of neurogenesis during withdrawal and abstinence.
The development of alcohol dependence, or neural adaptation to chronic alcohol, includes several factors that regulate adult neurogenesis. Common features of alcohol dependence, particularly brain damage and seizures, reactively increase cell proliferation and neurogenesis (Hall and Zador, 1997; . Thus, we hypothesized that neurogenesis may be differentially regulated during alcohol intoxication versus abstinence after alcohol dependence. This report describes for the first time a temporally specific increase in neurogenesis during abstinence after alcohol dependence.
Materials and Methods
Ethanol treatment. Eighty-one adult male rats (255-375 gm; Sprague Dawley; Charles River, Raleigh, NC) were used. All protocols followed the Guide for the Care and Use of Laboratory Animals by the National Research Council (1996) and were approved by the University of North Carolina Institutional Animal Care and Use Committee. Rats were maintained on a regular time 12 hr light/dark cycle with ad libitum access to food and water except during ethanol exposure. Food was removed during the period of ethanol treatment, although water was freely available. Ethanol binge treatment was administered via gastric intubation following a procedure modified from Majchrowicz (1975) to maintain consistent, intoxicating blood ethanol levels while preventing mortality (Knapp and Crews, 1999; Nixon and Crews, 2002) . In brief, rats were gavaged with an ethanol diet (25% ethanol w/v in nutritionally complete diet; vanilla Ensure (Abbott Laboratories, Columbus, OH) or isocaloric control diet every 8 hr for 4 d. After a priming dose of 5 gm/kg, subsequent doses were determined using a six-point behavioral intoxication scale: 0, normal rat; 1, hypoactive; 2, ataxia; 3, ataxia with dragging abdomen and/or delayed righting reflex; 4, loss of righting reflex; 5, loss of eye blink reflex. Each score was associated with a dose of ethanol between 0 and 5 gm/kg. Blood ethanol concentrations were determined from tail blood samples drawn 90 min after the afternoon dose on the second day of the ethanol exposure period. Samples were centrifuged and then stored at Ϫ20°C until analysis. Serum was extracted, and blood ethanol concentrations were measured by a GM7 Analyser (Analox, London, UK).
After the last dose of ethanol, food was replaced, and withdrawal behavior (Penland et al., 2001 ) (see also supplemental material, available at www.jneurosci.org) was observed from 10 hr after the last dose (T ϭ 10 hr) through T ϭ 24 hr. This period of time includes peak withdrawal behavior for this exposure model (Knapp et al., 1993; Penland et al., 2001) .
Bromodeoxyuridine labeling. Bromodeoxyuridine (BrdU) (Sigma, St. Louis, MO) was dissolved in 0.9% saline (20 mg/ml) and administered (300 mg/kg, i.p.) 4 hr before the rats were killed by transcardial perfusion as a measure of cell proliferation. To examine a time course of changes in cell proliferation after ethanol exposure, BrdU was injected 4 hr before the perfusion time points of day 0 (T ϭ 0 hr; 4 hr before the last dose), day 3 (T ϭ 72 hr), day 7 (T ϭ 168 hr), day 14, and day 28. Perfusion time points were chosen based on the results of other studies (Parent et al., 1997; Liu et al., 1998) . To examine changes in neurogenesis [BrdUpositive (BrdUϩ) cell survival and cell phenotype], a single dose of BrdU (300 mg/kg, i.p.) was administered at T ϭ 168 hr (day 7), and rats were allowed to survive for an additional 28 d to day 35, referred to as "day 7 ϩ 28 d."
Diazepam treatment. In a second experiment, a separate group of rats was examined for the effect of reduced withdrawal severity on cell proliferation at day 7. In a two ϫ two design, control and ethanol-exposed rats received diazepam (10 mg/kg) or vehicle (two drops of Tween 20 quantum sufficit to 10 ml with physiological saline) every 8 hr for 24 hr. The 10 mg/kg dose of diazepam has been shown to significantly reduce epileptiform activity (Mhatre et al., 2001) , alcohol withdrawal symptoms (Aaronson et al., 1982; Riihioja et al., 1997) , and in the alcohol model used here, it specifically reduced withdrawal behaviors (Bone et al., 1989) . At T ϭ 10 hr, rats were injected with diazepam or vehicle and then observed for withdrawal behaviors until T ϭ 24 hr. Because all rats were coded, observers were blind to the rat's experimental condition. All rats in this group were killed at day 7 (at T ϭ 168).
Immunohistochemistry. Animals were deeply anesthetized with ketamine and transcardially perfused as described previously (Knapp and Crews, 1999; Nixon and Crews, 2002) . Coronal vibratome sections (40 m) were collected in a 1:12 series and stored in cryoprotectant at Ϫ20°C until processing for immunohistochemistry. Sectioning began at a random start point in the caudate-putamen (approximately bregma 1.2 through bregma Ϫ7.0), which yielded tissue for the entire DG and included the SVZ.
For Ki-67 and doublecortin (DCX) immunohistochemistry, every 12th section was used, and standard immunohistochemistry procedures were followed, as described previously (Kee et al., 2002; Brown et al., 2003) . Briefly, endogenous peroxidases were eliminated by incubation in 0.6% H 2 O 2 in TBS. Sections were blocked in TBSϩ (TBS-0.1% Triton-X-3% normal serum) for 30 min and incubated at 4°C for 48 hr in primary antibody diluted in TBSϩ [mouse anti-Ki-67 diluted 1:200 (NCL-Ki67-MM1; Novacastra, Newcastle upon Tyne, UK); goat anti-DCX diluted 1:400 (SC8066; Santa Cruz Biotechnology,Santa Cruz, CA)]. With washes between each step, the sections were incubated with appropriate biotinylated secondary antibody (horse anti-mouse or rabbit anti-goat; Vector Laboratories, Burlingame, CA) for 1 hr followed by avidin-biotin-peroxidase complex (ABC Elite kit; Vector Laboratories) and detected with nickel-enhanced diaminobenzidine as a chromagen. Ki-67-labeled sections were lightly counterstained with neutral red, and all sections were coverslipped with mounting medium (Cytoseal; Stephens Scientific, Kalamazoo, MI).
Every sixth section was used for BrdU immunohistochemistry such that each section was 240 m apart. BrdU immunohistochemistry follows the methods of Kuhn et al. (1996) with an additional denaturing step, as reported previously (Nixon and Crews, 2002) . Briefly, after denaturing and blocking in TBSϩ, free-floating sections were incubated in mouse anti-BrdU (MAB3424; Chemicon, Temecula, CA) diluted 0.25 g/ml in TBSϩ and processed for the avidin-biotin-peroxidase reaction, as described previously (Nixon and Crews, 2002) .
Quantification. Brains were coded so that the experimenter was blind to the experimental conditions during quantification procedures. For BrdU-labeled DG sections, the number of BrdUϩ cells was counted in the granule cell layer and SGZ of the dorsal DG (bregma Ϫ1.8 to Ϫ5.8). The SGZ was defined as an ϳ50 m ribbon between the granule cell layer and hilus. Cells were counted at 1200ϫ with an oil immersion lens (Plan Apo 60ϫ oil; numerical aperture, 1.4; Olympus Optical, Melville, NY). The area of the granule cell layer and SGZ was then obtained by tracing the region at 42.5ϫ with image analysis software (Bioquant Nova Advanced Image Analysis; R&M Biometric, Nashville, TN). In this profile counting methodology, cell counts were divided by the area of the section, expressed as cells/mm 2 , and compared by ANOVA. We have shown previously that profile counting and stereological estimations show identical results in percentage change (Crews et al., 2004) . In addition, BrdUϩ cells are not a homogenously distributed population of cells; therefore, stereology may not be an appropriate method of quantification (Popken and Farel, 1997) .
For the SVZ, BrdU immunoreactivity was determined with Bioquant image analysis software. Images were captured on an Olympus BX50 microscope and Sony (Tokyo, Japan) DXC-390 video camera at 42.5ϫ. Light levels were normalized to preset levels, and the microscope, camera, and software were background corrected to ensure reliability of image acquisition (Crews et al., 2004) . The SVZ was outlined, and staining density was determined in pixels for the outlined area and expressed as pixels/mm 2 . Ki-67-positive (Ki-67ϩ) cells were quantified using the profile counting methodology described above and expressed as cells/mm 2 . DCX immunoreactivity (DCX-IR) in the granule cell layer and SGZ was also quantified with image analysis software (Bioquant). The granule cell layer and SGZ were traced, and staining density was determined by dividing the pixel count by the regional area and expressed as pixels/mm 2 .
Fluorescent immunohistochemistry. Triplefluorescence immunohistochemistry was performed on every 12th section to determine cell differentiation in a manner similar to the one described previously (Kuhn et al., 1997) . After DNA denaturing (without DNase), sections were blocked in TBSϩ for 1 hr and incubated overnight at 4°C rat anti-BrdU (1:400; Accurate, Westbury, NY), mouse anti-NeuN (1:500; Chemicon), and rabbit anti-GFAP (1:2000; Dako, Glostrup, Denmark). After washes in TBSϩ, sections were incubated for 1 hr in fluorescent-coupled secondary antibodies (Alexa Fluor goat anti-rat 488, Alexa Fluor goat anti-mouse 555, Alexa Fluor goat anti-rabbit 633; Molecular Probes, Eugene, OR) plus 1.5% goat serum. Sections were washed in TBS, mounted and dried, then coverslipped with antifade mounting medium (Pro-Long; Molecular Probes). The colocalization of BrdU to neuronspecific [neuronal-specific nuclear protein (NeuN)] or glia-specific (GFAP) proteins was confirmed by confocal microscopy optimized for the analysis of tissue sections. Specifically, a Zeiss (Oberkochen, Germany) Axiovert LSM510 confocal microscope was used on multitrack setting with a water immersion lens (C-Apochromat 40ϫ/1.2 W corr). For each subject, 50 BrdUϩ cells were analyzed for colocalization with NeuN or GFAP and reported as a percentage of the number of BrdUϩ cells. The 50 cells were selected from several fields in a minimum of five tissue sections. Z-plane section images (512 ϫ 512 pixels) were collected at Ͻ1 m thickness and then analyzed using LSM Image Examiner software (Zeiss). The criteria for colabeling included appropriate morphology and more than two Z-plane images of copositive staining. Values of "calculated neurogenesis" were computed by multiplying the differentiation percentages by the number of BrdUϩ cells at day 35 (day 7 ϩ 28 d). The number of BrdUϩ cells at day 35 was counted at 400ϫ in the same sections using a fluorescent microscope (Olympus BX-51 microscope with FITC filter cube) and expressed as the number of cells per section.
Statistical analysis. Statistical analyses were conducted in StatView (Mac version 5.0.1; Abacus Concepts, Berkeley, CA). All cell counts, blood ethanol measurements, and immunoreactivity measures were analyzed by ANOVA. For cell counts and immunoreactivity measures, additional post hoc analyses were planned t tests or Tukey-Kramer (experiment 2). Noncontinuous behavioral measures were analyzed by nonparametric Mann-Whitney U tests. Seizure severity classifications were compared by 2 . In all cases, differences were considered significant at the p Ͻ 0.05 level. All values were reported as mean Ϯ SEM.
Results

Cell proliferation during ethanol dependence, withdrawal, and abstinence
To investigate the effects of alcohol dependence on the components of adult neurogenesis, ethanol was administered in a chronic 4 d binge model followed by BrdU administration to label dividing cells. The amount of ethanol administered over 4 d averaged 8.9 Ϯ 0.2 gm/kg per d, an amount that is similar to that consumed in rodent self-administration models (Lukoyanov et al., 2000) . BrdU labeling of cell proliferation was investigated at several time points after the last dose of ethanol: day 0 (at T ϭ 0 hr), day 3 (at T ϭ 72 hr), day 7 (at T ϭ 168 hr), day 14, and day 28. All groups were comparable in ethanol intoxication as assessed by blood ethanol concentrations, ethanol intake, and intoxication behavior (Table 1) . BrdUϩ cells were visible along the DG in all groups and typically as either clusters or doublets of irregularshaped cells along the SGZ of both blades of the DG (Fig. 1) . Changes in the number of BrdUϩ cells between ethanol-exposed and control rats were apparent at specific time points (significant interaction time point by treatment group; factorial ANOVA; F (4,38) ϭ 3.706; p Ͻ 0.01). At day 0 (Fig. 1) , a time point that immediately followed the last dose of ethanol, the number of BrdUϩ cells was decreased by 48% in ethanol-treated rats (n ϭ 5) relative to controls ( post hoc planned t test; p Ͻ 0.01; n ϭ 6). Notably, rats were still visibly intoxicated and likely had Ͼ200 mg/dl blood ethanol concentrations at this time point predicted by their intoxication behaviors scored immediately before their last dose of ethanol (Majchrowicz, 1975; Knapp and Crews, 1999) . At day 3 of abstinence, the number of BrdUϩ cells in Blood ethanol concentrations (2nd column) were measured from serum extracted from tail blood on the second day of chronic binge treatment and were similar for all proliferation time points. In addition, neither average ethanol intake per day (3rd column) nor mean intoxication behavior (4th column) was different between groups for the proliferation time course. The similarity in intoxication parameters for all time points rules out effects of blood ethanol levels, ethanol dose, or intoxication behavior on cell proliferation. a Day 0 in abstinence, 4 d of ethanol and killed at T ϭ 0 hr.
Figure 1.
A time course of changes in cell proliferation in the DG after chronic binge ethanol exposure (EtOH). Cell proliferation as assayed by BrdU incorporation into dividing cells is decreased when the rat is intoxicated at day 0 [p Ͻ 0.05; EtOH, n ϭ 5; Control (Con), n ϭ 6] and then rebounded to control levels by day 3 (EtOH, n ϭ 6; Con, n ϭ 2) with a fourfold increase at day 7 ( p Ͻ 0.05; EtOH, n ϭ 7; Con, n ϭ 5). By day 14 (EtOH, n ϭ 3; Con, n ϭ 4) and day 28 (EtOH, n ϭ 4; Con, n ϭ 6), cell proliferation returned to control levels. Error bars represent SEM. Representative photomicrographs of the intersection of the inferior and superior blades of the DG show BrdUϩ cells clustered (arrows) along the border of the granule cell layer (GCL) and subgranular zone. Scale bar, 100 m. *p Ͻ 0.05.
ethanol-exposed animals (n ϭ 5) returned to control (n ϭ 6) levels. However, at day 7 of abstinence, the number of BrdUϩ cells in the ethanol-exposed group (n ϭ 7) was 350% of controls ( p Ͻ 0.05; n ϭ 6). By day 14 (control, n ϭ 4; ethanol, n ϭ 3) and day 28 (control, n ϭ 6; ethanol, n ϭ 4) of abstinence, the number of BrdUϩ cells was similar between ethanol-exposed and control groups. Thus, ethanol intoxication decreased cell proliferation, which was reversed early in abstinence, followed by a dramatic increase in proliferation 1 week after the last dose of ethanol.
To confirm the increase in hippocampal cell proliferation at day 7 found with the exogenous cell proliferation marker BrdU, an adjacent set of sections was stained for an endogenous marker of proliferating cells, Ki-67 (Kee et al., 2002) . Ki-67 labels all actively cycling cells although not cells in G 0 phase, the resting state (Kee et al., 2002) . At day 7, the number of Ki-67ϩ cells was 350% higher (F (1,10) ϭ 14.377; p Ͻ 0.01) in ethanol-exposed rats (366.8 Ϯ 61.3 cells/mm 2 ; n ϭ 7) than controls (84.0 Ϯ 13.7 cells/mm 2 ; n ϭ 5). This fourfold increase in proliferation was similar to the increase in proliferation shown by the exogenous BrdU label (Fig. 2) .
To examine whether cell proliferation was altered in another brain region where it is well established that neurogenesis occurs, BrdU immunoreactivity was quantified in the SVZ at day 7. A line of BrdUϩ cells was clearly noted along the SVZ of both treatment groups; BrdU immunoreactivity was 5043.0 Ϯ 730.9 pixels/mm 2 in controls (n ϭ 4) versus 5995.6 Ϯ 818.3 pixels/mm 2 in ethanoltreated rats (n ϭ 6; p Ͼ 0.05). Thus, 1 week into abstinence from ethanol, cell proliferation is specifically increased in the DG but not in the SVZ.
Increased neurogenesis in abstinence
To determine whether this increase in cell proliferation also produced an increase in neurogenesis (i.e., the formation of new neurons), a neuronal marker expressed shortly after cell fate determination, DCX, was examined by immunohistochemistry. DCX is expressed by migrating neuroblasts several days after cells divide (Gleeson et al., 1999; Brown et al., 2003) . Therefore, if the cell proliferation event observed at day 7 is followed by an increase in neurogenesis, DCX expression should be evident several days after the day 7 time point. As shown in Figure 3 , DCX-IR was similar between ethanol-exposed rats and controls at day 7 (control, n ϭ 5; ethanol, n ϭ 7) and day 28 (control, n ϭ 6; ethanol, n ϭ 6). However, at day 14, DCX-IR was increased twofold in the ethanol-exposed rats (n ϭ 4) versus controls (n ϭ 4), as indicated by a significant interaction of time point-by-treatment group factorial ANOVA (F (2,25) ϭ 11.872; p Ͻ 0.001) and planned post hoc t tests ( p Ͻ 0.05). Thus, as would be expected for delayed expression of DCX, 1 week after the burst in cell proliferation at day 7 (i.e., 2 weeks after the last dose of ethanol), there is an increase in DCX in the DG.
In the DG granule cell layer, the newborn cells that survive 28 d are stably incorporated into the granule cell layer (Kempermann et al., 2003) . Therefore, we investigated long-term changes in neurogenesis by analyzing cell fate and phenotype at day 35, which is 28 d after the burst in proliferation at day 7 (Fig. 4) . For this study, BrdU was administered on day 7 of abstinence, and the animals were allowed to survive for 28 additional days, a time at which most cells have differentiated. Figure 5 shows that on day 35 (day 7 ϩ 28 d), the number of BrdUϩ cells is twofold higher in ethanol-exposed animals (n ϭ 5) than controls (n ϭ 6; F (1,10) ϭ 22.360; p Ͻ 0.01). Visual inspection indicated that the shape, size, and distribution of BrdUϩ nuclei throughout the granule cell layer of the DG were similar between treatment groups. BrdUϩ cells were examined for colabeling with a neuron-specific protein (NeuN) or a glia-specific protein (GFAP). In the ethanol-exposed animals (n ϭ 5), 82.7 Ϯ 3.5% of BrdUϩ cells colabeled with NeuN and 7.5 Ϯ 3.5% colabeled with GFAP. These percentages were similar to control animals (n ϭ 6) in which 81.9 Ϯ 2.5% of BrdUϩ cells colabeled with NeuN and 8.2 Ϯ 2.7% colabeled with GFAP and also similar to percentages that have been reported previously (van Praag et al., 1999a; Eisch et al., 2000) . When these percentages are multiplied by the number of BrdUϩ cells, neurogenesis can be calculated and compared between the two groups (Fig. 5) . As such, the number of new neurons labeled with BrdU and NeuN is higher in the ethanol-treated animals than controls (F (1,9) ϭ 16.984; p Ͻ 0.01). In addition, the number of BrdUϩ cells that did not label for either NeuN or GFAP is increased in ethanol-exposed rats versus controls (F (1,9) ϭ 8.719; p Ͻ 0.05). Thus, cell differentiation was not altered during abstinence from ethanol. However, the number of BrdUϩ cells and calculated new neurons was greatly increased 28 d after the burst in cell proliferation observed on day 7 of abstinence.
Assessing role of withdrawal in cell proliferation
Anticipating that withdrawal may play a role in ethanol-induced changes in neurogenesis, withdrawal behaviors were scored during a previously determined peak between T ϭ 10 and T ϭ 24 hr (i.e., between day 0 and day 1) (Majchrowicz, 1975; Knapp et al., 1993; Penland et al., 2001) . Rats displayed the full range of withdrawal behaviors. For all rats used in the first experiment, the average withdrawal score over time (14 hr) was 1.8 Ϯ 0.2, whereas the peak score, or highest score achieved, averaged 3.5 Ϯ 0.1. To gain insight into the possible mechanism underlying the increase in cell proliferation observed at day 7 of abstinence, Pearson product moment correlations were determined for the number of BrdUϩ cells at day 7 versus several behavioral and treatment measures collected for each animal during the course of the ex- Comparison of cell proliferation markers at day 7 of abstinence. Because BrdU incorporation could be altered by bioavailability, the increase in cell proliferation at day 7 was confirmed with Ki-67 immunohistochemistry. In ethanol-exposed rats (EtOH), both BrdU and Ki-67 immunohistochemistry increased by similar percentages versus controls. Error bars represent SEM. Representative photomicrographs of Ki-67-stained sections show the increased number of actively dividing cells (arrows) along the border of the granule cell layer (GCL) and subgranular zone in the alcohol group (EtOH D7) versus controls. Scale bar, 100 m.
periment. Of the various parameters investigated for correlations with day 7 cell proliferation (dose of ethanol per day, intoxication behavior, weight loss, blood ethanol concentrations, and peak withdrawal behavior), only mean withdrawal score (at day 0) showed a significant positive correlation (r ϭ 0.84; p Ͻ 0.05) to an increased number of BrdUϩ cells at day 7. Thus, as the mean withdrawal score (but not peak withdrawal score) increased, the number of BrdUϩ cells at day 7 also increased.
Because withdrawal severity correlated with the number of BrdUϩ cells at day 7, we performed a second experiment to address whether reducing withdrawal severity would prevent the burst in cell proliferation at day 7. This second group of rats was subjected to chronic binge ethanol exposure followed by diazepam [3 ϫ 10 mg/ kg, i.p. every 8 hr for the first day (i.e., day 0 -day 1)] to reduce withdrawal symptoms (Aaronson et al., 1982; Bone et al., 1989; Riihioja et al., 1997) . As with the first experiment, rats were then injected with BrdU (300 mg/kg) 4 hr before they were killed on day 7 (at T ϭ 168 hr). To confirm that diazepam reduced the severity of withdrawal behavior, we compared all withdrawing animals used in this report (ethanol alone and ethanol plus vehicle; total n ϭ 31) to a group of animals receiving ethanol plus diazepam (n ϭ 13) by three different measures: mean withdrawal score, peak withdrawal score, and classifying withdrawal severity (Majchrowicz, 1975) . Both mean withdrawal scores (U ϭ 83.0; p Ͻ 0.01) and peak withdrawal scores (U ϭ 107.0; p ϭ 0.01) were significantly decreased in the ethanol plus diazepam group compared with ethanolethanol plus vehicle group shown in Table  2 . Indeed, a low withdrawal severity group clearly stood out among the rats, as has been described previously (Majchrowicz, 1975) . Typically, between 10 and 15% of binge ethanol-exposed rats showed few withdrawal signs (described as less than three withdrawal signs by Majchrowicz), so we then classified the rats into two groups similar to Majchrowicz's original work (1975) . Any animal with a behavior score of Ͻ0.8 and fewer than three withdrawal signs (Majchrowicz, 1975 ) was designated as "low withdrawal." Because the animals were coded, the group designation was performed with the experimenter blind to the group of the animal. In the ethanolethanol plus vehicle group, 12.9% were in the low category, and the remaining 87.1% were in the moderate-high withdrawal category ( Table 2 ), percentages that were similar to those reported by Majchrowicz (1975) . Ethanol plus diazepam increased the percentage of rats classified as low withdrawal by over fourfold ( 2 ϭ 8.19; p Ͻ 0.01). Thus, diazepam, by all measures analyzed, decreased the severity of withdrawal symptoms.
We then investigated cell proliferation in this second group of animals to assess whether reduced withdrawal symptoms would alter ethanol-induced increases in cell proliferation at day 7. In all four groups (control plus vehicle, n ϭ 6; control plus diazepam, n ϭ 8; ethanol plus vehicle, n ϭ 6; and ethanol plus diazepam, n ϭ 13), BrdUϩ cells were located along the SGZ-granule cell border in clusters. Overall, the number of BrdUϩ cells in the DG was higher in both ethanol groups versus controls as shown by a significant main effect for treatment (ethanol vs control; two-way ANOVA; F (1,29) ϭ 19.946; p Ͻ 0.001). Post hoc analyses revealed that the number of BrdUϩ cells in both the ethanol (n ϭ 6) and ethanol plus diazepam (n ϭ 13) group was significantly increased compared with its appropriate control; however, as indicated by a Figure 3 . Doublecortin expression is altered during abstinence. DCX immunoreactivity is selectively increased 1 week after the increase in BrdU incorporation, as shown by representative photomicrographs of DCX-IR in the DG at day 14 from control ( a) and alcohol-exposed (EtOH; b) rats. c, DCX-IR was significantly higher ( p Ͻ 0.05) in the ethanol-exposed rats (EtOH; n ϭ 4) than controls (n ϭ 4) only at day 14 in abstinence. Error bars represent SEM. d, The percentage change of BrdU and lagging DCX-IR were consistent with doublecortin expression labeling young migrating neuroblasts (Gleeson et al., 1999; Brown et al., 2003) . Scale bar, 100 m. *p Ͻ 0.05 lack of statistical interaction, the ethanol plus vehicle group and ethanol plus diazepam group were statistically similar (Fig. 7) . Also, both control groups were similar; diazepam (n ϭ 8) alone did not produce an increase in BrdUϩ cells relative to control plus vehicle rats (n ϭ 6). In summary, cell proliferation remains high despite diazepam treatment to reduce withdrawal severity. Interestingly, when the animals classified in the low withdrawal group were analyzed separately, both alcohol groups [ethanol plus vehicle (n ϭ 2) and ethanol plus diazepam (n ϭ 7)] showed a twofold increase versus combined controls (n ϭ 14) yet were similar to each other (one-way ANOVA; F (2,25) ϭ 6.883; p Ͻ 0.01; post hoc p Ͻ 0.05). Thus, even in the low withdrawal severity conditions, cell proliferation is significantly higher in the ethanol-exposed animals than controls at day 7 of abstinence.
Discussion
This study is the first to show that chronic ethanol continues to alter neurogenesis in the adult rat hippocampus weeks after the cessation of ethanol. Specifically, we report for the first time that neurogenesis was increased over twofold at 5 weeks into abstinence. Alcohol dependence induced a fourfold burst in cell proliferation at day 7 of abstinence that is specific to the dentate gyrus SGZ, a region containing NPCs. After the burst in cell proliferation, evidenced by increased BrdU-labeled cells, was an increase in DCX-IR at day 14. This increase in DCX-IR lagged 1 week behind the increase in cell proliferation (Fig. 3) , which suggests that alcohol dependence also increased neurogenesis. Furthermore, we observed that the cells produced at day 7 survive at least 28 d, such that the number of BrdUϩ cells remains increased at day 35. Analysis of cell phenotype at day 35 (day 7 ϩ 28 d) showed that the newborn cells in the ethanol-exposed animals differentiated similar to controls. Thus, neurogenesis was increased at 5 weeks in abstinence and was likely attributable to the burst in cell proliferation at day 7. Together, the data suggest that ethanol decreases neurogenesis during intoxication, consistent with our previous work (Nixon and Crews, 2002) , and as we report for the first time, ethanol increases neurogenesis during abstinence after alcohol dependence.
Because altered BrdU labeling could be attributed to BrdU bioavailability, we performed two experiments on the day 7 group to verify increased cell proliferation: (1) assessment of BrdU labeling in the SVZ and (2) examination of an endogenous cell proliferation marker, Ki-67, in the DG. At day 7, no changes in BrdU labeling were noted in the SVZ; thus, cell proliferation in the frontal neurogenic region appears unchanged by alcohol dependence at this time point. Also at day 7, the number of Ki-67-labeled cells in the DG was increased fourfold in ethanol-exposed animals, similar to the pattern of BrdU labeling (Fig. 2) . Because Ki-67 labels all actively dividing cells, and Ki-67 is increased at day 7, this suggests that additional cells were recruited into active cycling (Scholzen and Gerdes, 2000; Kee et al., 2002) . NPC proliferation and neurogenesis are regulated by many factors, including several that are common to chronic alcoholism , their Fig. 3 ]. The second experiment addressed the "alcohol withdrawal syndrome," a range of behavioral and physiological signs that occur in alcoholdependent individuals after the cessation of drinking (Hall and Zador, 1997) . Overt withdrawal signs such as tremors and seizures are evidence of "CNS hyperexcitability," which results from neural adaptations to chronic alcohol (De Witte et al., 2003) . Because seizures result in increased NPC proliferation and aberrant neurogenesis (Parent et al., 1997) , we examined alcohol withdrawal severity and seizure behaviors as factors underlying increased neurogenesis after alcohol dependence. Although alcohol withdrawal severity was correlated with increased BrdUϩ cells at day 7, when we reduced withdrawal severity with diazepam, cell proliferation remained increased. Interestingly, when low withdrawal severity groups were analyzed separately (Fig. 7) , cell proliferation remained significantly higher in these animals with few overt withdrawal signs. However, it is possible that changes in psychological stress or other factors, such as diet changes, contribute to increased cell proliferation after ethanol administration. Stress and glucocorticoids reduce neurogenesis (Cameron and Gould, 1994) , and binge ethanol treatment elevates glucocorticoids during intoxication, although levels return to control values after withdrawal (Jerrells et al.,1990) . Furthermore, caloric restriction increases neurogenesis but not by altering cell proliferation , and our diet is nutritionally complete and calorically matched between treatment groups. No studies have reported a delayed effect of stress or nutrients on cell proliferation, so these sequelae associated with human alcoholism and animal models of alcoholism cannot be ruled out. Thus, we concluded that although withdrawal severity and seizures may contribute in part to increased cell proliferation, alcohol dependence results in a profound increase in neurogenesis during abstinence.
A major element of CNS hyperexcitability is glutamate transmission, specifically, increased glutamate levels in the hippocampus during alcohol withdrawal (Rossetti and Carboni, 1995; Dahchour and De Witte, 1999) . However, activation of the glutamatergic NMDA receptor (NMDAR) decreases cell proliferation in the DG (Cameron et al., 1995) . CNS hyperexcitability also wanes at 24 hr of withdrawal, and our finding of increased , the number of BrdUϩ cells remained increased in ethanol-exposed rats (EtOH; n ϭ 5) versus controls (n ϭ 6; left side of graph). When the differentiation percentages (e.g., ϳ80% of BrdU cells colabel with NeuN) are applied to the BrdUϩ cell counts (e.g., 37 cells/section), neurogenesis can be calculated (e.g., 30 new neurons; shown on right side of graph). Thus, neurogenesis is increased in ethanol-exposed rats 28 d after BrdU-incorporation at day 7. Error bars represent SEM. Representative fluorescent images of BrdUϩ cells in the DG at day 35 (day 7 ϩ 28 d) for control and ethanol-exposed (EtOH) rats clearly shows the greater number of BrdUϩ cells along the granule cell layer (outlined). GCL, Granule cell layer. *p Ͻ 0.05.
proliferation occurs at 7 d of abstinence. Although compensatory changes in the NMDAR may occur from chronic alcohol inhibition of receptor function (Chandler et al., 1998) , the observation of increased cell proliferation at day 7 of abstinence is not consistent with a direct effect of alcohol on NMDAR regulation of adult neurogenesis.
Cell death also regulates adult neurogenesis and occurs with chronic alcohol exposure. Studies demonstrate that cell death, ischemic, traumatic brain injury, or experimentally induced, results in compensatory neurogenesis (Cameron et al., 1995; Gould and Tanapat, 1997; Kuhn et al., 2001) . Indeed, chronic binge ethanol produces cell death in similar regions: the DG, entorhinal cortex, and cortical areas (Collins et al., 1996; Crews et al., 2000; Obernier et al., 2002) . However, in these other models, increased cell proliferation is observed at the time of neurodegeneration, whereas neurodegeneration peaks during the fourth day of chronic binge ethanol treatment (Obernier et al., 2002) , a time at which cell proliferation was decreased (Fig. 1) . Increased cell proliferation is also observed for up to 2 weeks after ischemia or seizures (Parent et al., 1997; Liu et al., 1998 ), although we observed a transient increase at 1 week. Ischemia and seizures also produced increased cell proliferation in the SVZ, an effect not observed here (Jin et al., 2001; . Also, protection from ischemic cell loss failed to reverse the increases in cell proliferation (Liu et al., 1998) , which suggests that for some conditions, such as chronic alcohol, signals elicited by the damaging event and not necessarily the resulting cell death trigger compensatory neurogenesis.
Neurotrophin signaling via cAMP-mediated gene transcription is one such pathway that may be altered by chronic alcohol. Multiple laboratories report that alcohol dependence and withdrawal affect the phosphorylation and activity of cAMP response element binding proteins (CREB) (Pandey et al., 1999 (Pandey et al., , 2001 Bison and Crews, 2003) . Specifically, phosphorylated CREB is increased 3 d after chronic binge ethanol exposure (Bison and Crews, 2003) . Recent work has established a role for CREB activity in cell proliferation and cell survival (Nakagawa et al., 2002; Zhu et al., 2004) ; thus, our previous results are consistent with increased CREB activation contributing to the ethanol-induced increases in cell proliferation at day 7.
The functional implications of compensatory neurogenesis during abstinence are intriguing but remain speculative until the function of adult neurogenesis is better understood. Adult-born neurons may contribute to hippocampal learning and memory processes and regulation of mood (van Praag et Beginning at 10 hr after the last dose of alcohol, rats were administered diazepam (10 mg/kg, i.p.) every 8 hr to reduce withdrawal severity. This dose reduces both epileptiform activity as measured by spike wave discharge (Mhatre et al., 2001 ) as well as seizure-like withdrawal symptoms (Bone et al., 1989 Figure 6 . Increased cell proliferation persists regardless of withdrawal severity. Reduction of withdrawal severity did not reduce cell proliferation to control levels in ethanol-exposed rats (EtOH). Diazepam (DZ; 10 mg/kg) was injected every 8 hr from T ϭ 10 through T ϭ 24 hr to reduce withdrawal severity. The number of BrdUϩ cells remained increased versus controls, despite reduction of withdrawal severity by diazepam (Table 2) . Error bars represent SEM. Representative photomicrographs of the DG (right) show the increased BrdUϩ cells along the granule cell layer (GCL) and SGZ border in both alcohol-treated groups when compared with controls. Veh, Vehicle. Scale bar, 100 m. *p Ͻ 0.05.
Figure 7.
Increased cell proliferation in low withdrawal symptom rats despite few or no withdrawal symptoms. Using the classifications of Majchrowicz (1975) to separate low withdrawal behavior rats shows that BrdU labeling of cell proliferation remained increased even in those animals with little to no overt withdrawal symptoms. The twofold increase in cell proliferation in rats without withdrawal symptoms from both ethanol-exposed groups, ethanol plus vehicle (EtOH ϩ Veh) and ethanol plus diazepam (EtOH ϩ DZ), suggests that alcohol dependence and not withdrawal underlies the burst in cell proliferation at day 7 of abstinence. Error bars represent SEM. *p Ͻ 0.05. (Gould et al., 1999) , and inhibition of neurogenesis disrupts associative learning (Shors et al., 2001) . Abstinent alcoholics show improved cognitive function and a regrowth of brain degeneration within a few months of abstinence from alcohol (Carlen et al., 1978; Pfefferbaum, 1995; Sullivan et al., 2000a,b) . Indeed, we found increased neurogenesis 5 weeks after ethanol administration, an effect consistent with the recovery of brain volume and improvements in cognitive function seen in abstinent alcoholics. Previous work assumed that regeneration was attributable to glial regeneration or changes in plasticity (Harper, 1998) ; thus, this is the first observation of a neuronal regrowth during abstinence after chronic alcohol exposure. However, alcoholics do not completely recover cognitive abilities nor brain volumes (Eckardt and Martin, 1986; Parsons, 1993) , and increased neurogenesis may not improve brain function (Kempermann et al., 2004) . In models of epilepsy and stroke, neurogenesis increases several days after the insult, although newborn cells do not restore the granule cell layer to its prelesion state. It has been suggested that aberrant neurogenesis contributes to prolonged neuropathology after seizures (Parent and Lowenstein, 2002; Kempermann et al., 2004) . The increased neurogenesis observed here appears in normal locations along the SGZ, but it is not clear whether these new neurons are incorporated appropriately to improve function. Additional studies on the basic role of adult neurogenesis in brain function, and how increased neurogenesis found during abstinence contribute to brain changes associated with alcoholic recovery, are required to fully understand the functional implications of increased neurogenesis during abstinence.
In summary, ethanol has distinct effects on neurogenesis during intoxication and compensatory increases in neurogenesis after alcohol dependence. These dynamic changes in neurogenesis may finally explain discrepancies in the alcoholic neuropathology literature, because time in abstinence clearly determines whether alcohol has produced an inhibition or promotion of neurogenesis. These data further contribute to a growing body of evidence on the role of structural plasticity in drug abuse and other psychiatric disorders (Abrous et al., 2002; Eisch, 2002) . As future work elucidates the role of adult neurogenesis to brain function, we will further understand the contribution of altered neurogenesis to cognitive dysfunctions associated with neurodegenerative and psychiatric disorders such as chronic alcoholism.
